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Abstract

This paper addresses the need to evaluate the differences in exposure to pesticides between children and adults. We present a framework
for evaluating these differences in exposure to pesticides through multiple exposure pathways. The concentrations in all environmental media
were determined as distributions in a companion paper. All parameter values utilized in the calculation of exposure and risk are considered to
be distributions, resulting in distributions for output exposure and risk. A sensitivity analysis was completed to determine the relative
importance of the parameters with respect to the outcome. A joint uncertainty and variability analysis was also completed to evaluate the
relative contribution between uncertain and variable parameters. Exposure to atrazine by a mid-western farming family is presented as a case
study. The predicted exposure for a child based on a 14-year exposure period was 1.6 times that calculated using lifetime averaged exposure
parameters. This indicates the importance of considering children as a population sub-group when calculating the exposure and risk to
pesticides. © 1998 Elsevier Science Ltd.
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1. Introduction that account for both physiological and behavioral differ-
ences between children and adults. At present, however,
Reports of agrochemical residues detected in food andthere is a lack of a consistent multimedia, multiple exposure
water have heightened the public’'s awareness of the pathway methodology for determining the differences in
possible risks to human and ecological receptors from agro-risk for different age and gender groups.
chemicals. There have been numerous reports that focus on Determining exposure in a multimedia environment
the ability of agrochemicals to provide near year-round, requires inclusion of variability in individual exposure.
high quality produce and claiming minimal risk, thus sup- Such variability occurs due to population movement, indi-
porting the use of these pesticides [1,2]. Nevertheless, othervidual lifestyles (housing, food and water supply, and con-
reports focus on the possible dangers of pesticides and thesumption rate), and the temporal and spatial character of the
lack of health-based standards for ground water, surface watersource. The time dependence and individual variations of
and food residues for a majority of these products [3]. More exposure pathways can be represented by random variables
than 1 billion pounds of pesticides are used yearly in the for body weight, average body surface area, and so forth.
United States, over half being herbicide applications [4]. In a companion paper [6], we examined the fate and
The National Research Council published ‘Pesticides in transport of atrazine in the mid-western region of the United
the Diets of Infants and Children’ [5], pointing out the need States. The results indicated that atrazine, a widely used
to further examine the possible discrepancy in risk between pesticide, spreads to ground water, surface water, soil, and
adults and children. To properly account for the risk to plants, making it an ideal candidate for a case study to
children, there is a need for a set of exposure parametersexamine the effect of multiple pathway exposure and
hence, risk. In this paper, the incremental lifetime cancer
m author. 4153 Etcheverry Hall, University of California, risk to a typical mid-western family resulting from exposure
Berkeley, CA 94720-1730, USA. Tel.: +1-510-643-0574; Fax: +1-510-643- 1O atrazine is evaluated. In the companion paper, the steady-
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media was determined. The outcome variance, and the Both uncertainty and variability are included and treated
sources of this variance, were quantified. Concentrationsindependently in this analysis. It is important to distinguish
in ground and surface water were compared to measuredbetween inter-individual variability and parameter uncer-
field concentrations and were found to be of the same tainty in a risk assessment to determine the risk to an
order of magnitude. Having determined the concentration individual. Uncertainty refers to errors of omission, specifi-
distribution for each environmental medium in the previous cation, measurement or extrapolation, while variability
paper, our objectives in this second paper are as follows: refers to spatial, temporal, physiological, and behavioral
distributions of factors within a landscape or population
[7]. Examples of uncertain variables are the octanol water
partitioning coefficients and other physical chemical proper-
ties, while variable parameters include breathing rates. In
this paper, uncertainty and variability are propagated
through the risk calculations using a nested Monte Carlo
method.

1. Utilize a multimedia, multiple exposure pathway model
(CalTOX) to investigate both the exposure pathways
which contribute significantly to risk, and the total inte-
grated risk. The integration of several exposure pathways
results in a more comprehensive risk assessment.

2. Provide exposure parameters which are statistically aver-
aged over childhood, and over a lifetime (combining
both childhood and adult exposures), based on informa-
tion found in a literature survey. This differentiation
allows us to compare the risk based on age differences.

3. Address uncertainty and variability separately in deter-
mining exposure and risk, and evaluate how uncertain-
ties interact with one another in a joint uncertainty and
variability analysis. Additionally we complete a sensi-
tivity analysis to determine the parameters whose uncer-
tainty, when reduced, will reduce the outcome variance.

4. Determine the risk to both adults and children and
evaluate any significant differences that need to be con-
sidered in risk management strategies.

3. Approach

The source term and environmental media concentrations
for atrazine are based on application data and the use of a
fate and transport model. These two steps were considered
in the companion paper [6]. In this paper, the concentrations
in the exposure media of a typical residential mid-western
family are determined. The potential dose is based on the
rate of uptake from these contaminated environmental
media. For a carcinogenic risk assessment, the exposure
duration is typically averaged over a 70 year lifetime period
[8]. The potential dose from all exposure pathways is then
2. Background multiplied by the cancer potency factor, yielding the incre-

mental lifetime cancer risk. In this paper, distributions are

To complete a health risk assessment, several steps needsed for parameter inputs and thus the risk estimated from
to be integrated. First, the source term must be character-propagating these values through a Monte Carlo simulation
ized. Second, environmental concentrations are establishedire represented as distributions. Exposure parameters will
using (a) monitoring data, (b) a fate and transport model, or be based on four sets of input data, children of each gender
(c) some combination of monitoring data and models. Third, and lifetime averages for each gender. Because we are
the relationship between environmental concentrations andaddressing exposure uncertainty/variability, the cancer
human exposure media concentrations, such as tap waterpotency factors used here have a single-value
indoor air, and food must be determined. Fourth, rates of representation.
human uptake from these contaminated media are estab-
lished for each exposure pathway and population sub-3.1. Source term and environmental media concentrations
group. Finally, the dose is multiplied by a dose-response
factor (i.e. cancer potency factor) to determine the risk. The source term and environmental media concentrations

Several of the parameters used to determine the dose andvere quantified in the companion paper. The source term
corresponding risk are uncertain and/or variable, and thuswas based on historical pesticide application rates and the
should not be represented as point values. Uncertainty inacreage of treated fields. Because the source term is highly
parameters can result from measurement uncertainty, insuf-variable, the sensitivity analysis revealed this to be one of
ficient data, or incomplete knowledge of the processes andthe most significant contributors to variance in the calcu-
mechanisms that give rise to these parameters. Variability inlated environmental concentrations.
parameters can result from human behavioral and physio- Fate and transport of atrazine is modeled with the Cal-
logical differences and can vary from individual to indivi- TOX model, based on a set of fugacity equations linking
dual at the same location. Adverse effects of agricultural environmental compartments [9-12]. As noted above, the
chemicals on human health due to exposure are oftenconcentrations in ground and surface water predicted by the
unclear since they have been designed to produce certairmodel are the same order of magnitude as measured
biological actions on non-human targets (e.g. weeds, concentrations in the mid-western United States, indicating
insects, fungi, etc.) Furthermore, the response to the saméhat modeling can predict the concentrations in the environ-
dose can be different between individuals. ment to within an order of magnitude. The multimedia
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Table 1

Data for bioconcentration factors for atrazine in various organisms

Type Numerical values Units/organisms Reference

Bioconcentration factor, BCF 2-15 snails [48]
10-83 algae [48]
3-10 fish [13]
11 Gmmarus affinus [13]
7.5 shails [13]
11 fish [13]
76 algae [13]
4.2 daphnids @ 0.01 mgt conc. [13]
2.2 daphnids @ 0.08 mg1 conc. [13]
3-4 mollusc [13]
2.8 whole fish [13]
2-20 L. reticulatafor various exposure regimes [13]
0.8-96 CrayfistOrconectes virilis@ 49.54+ 39.75ug 17" conc. [13]
5.2-480 Mayfly nymph8aetis sp. [13]
2.0 (log BCF) Cottus bairdi [16]
1.0 (log BCF) Leuciscus idus melanotus [16]
0.9 (log BCF) Pimephales promelas [16]
0.5 (log BCF) Coregonus fera [16]
0.3 (log BCF) Ictaluras melas [16]
1.9 (log BCF) predicted frons, [16]
0.8 (log BCF) predicted fronk, [16]

Table 2

Mean and standard deviation of the bioconcentration factor for atrazine

Parameter Distribution shape Statistical variables

Bioconcentration factor uniform 3 (minimum)

100 (maximum)

environment model provides a basis for multiple pathway and other aquatic organisms are proportional to the external

exposure calculations. chemical concentration in the water [13]. The herbicide can
bioaccumulate above external concentrations in fish liver,
3.2. Exposure media concentrations kidney, and intestine [14]. Atrazine is moderately lipophilic

and accumulates in fish organs in proportion to the lipid
Human exposure is calculated from the agrochemical content of the organ [14].
concentration of each exposure medium. Exposure media The bioconcentration factors (BCF) and biotransfer
include indoor air, tap water, produce, animal products, factors used in CalTOX provide a measure of chemical
and household soils. For example, the concentration of thepartitioning between a biological medium such as fish
contaminant in tap water is related to the atrazine concen-tissue, and an external medium such as water. The biocon-
tration in the surface and ground water. The contaminant centration factor is used to predict the contaminant concen-
concentration in household soil is related to soil tracked in tration in organisms relative to the concentration in the
by humans or pets and dust particles in the air that enters thecontaminated water. Bioconcentration factors for atrazine
house. in various organisms found in the literature are presented
Determining the concentrations in various food products in Table 1, along with relevant references, while the distri-
involves a variety of parameters, many of which are highly bution used is in Table 2.
uncertain or variable. Produce is divided into exposed and Determining the atrazine concentration in animal pro-
unexposed produce; exposed produce includes aboveducts requires an evaluation of the animal's contact rates
ground edible plant parts exposed to the air, while unex- through inhalation and ingestion, and accumulation rate in
posed produce includes root crops and protected produceanimal tissue. As noted above, atrazine is moderately lipo-
such as citrus. Different parameters are needed to determinghilic and thus concentrations increase in mammalian
the concentrations in these two types of produce. organs as the lipid content of the organ increases. Significant
Atrazine dissolved in water is absorbed by aquatic organ- concentrations of atrazine remain in animal abdominal fat
isms until steady state concentration ratios are reached. Fishafter cessation of exposure. Trotter et al. [13] detected high
bioaccumulate atrazine very rapidly. At steady-state, con- concentrations of atrazine metabolites in liver, kidney, and
centrations measured in the blood, gills, and muscle of fish lung tissues. Absorption of atrazine residues in plant
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material ingested by mammals has been demonstrated to bexposure to children as a separate, possibly more sensitive
very small [13]. The biotransfer factor relates the steady- subgroup.
state contaminant concentration in fresh meat or milk to the  The exposure routes considered in this paper are inhala-
animals’ daily contaminant intake resulting from inhalation tion, ingestion, and dermal exposure pathways. Inhalation
and ingestion pathways. Both the bioconcentration factor pathways include both indoor and outdoor air intake. Inges-
and the biotransfer factor are used to characterize the accution pathways include the consumption of vegetables,
mulative effects of atrazine on biological systems [15]. grains, tap water, soil, and animal products such as meat,
There is much uncertainty associated with the concentra-poultry, eggs, and dairy. Ninety percent of the grain con-
tion in exposure media as related to environmental media. sumed by residents of the mid-west is produced locally [17].
Sources of this uncertainty include: limited information on Livestock is linked to the contaminated environment
partitioning of contaminants between air and/or soil and through multiple pathways, including inhalation and inges-
vegetation (such as food and pasture crops), large variationtion. Dermal pathways include exposures through water
in the biotransfer factors between animal intake and animal- from showering, bathing and recreation, as well as from
based food products (such as meat, dairy products, andcontaminated soil on the skin.
eggs), uncharacterized exposure pathways to animals and Exposure parameters for both children and adults of both
variable bioconcentration factors for different organisms gender groups were developed. This data provides a method
and concentration levels. These factors all add to the com-of targeting exposure for a given population and for a given
plexity of the relationship between contaminated soil and activity. It is important to note that these activities are not

human contact. uniform across each age and gender group but are variable.
This literature search provided data for both physiological
3.3. Human activity and contact exposure parameters (e.g. breathing rate, food and fluid

intake rate) and activity parameters (e.g. time spent sleep-
Human exposure to atrazine is based on the magnitudeing, time spent in recreation, time spent outdoors).

and direction of mass exchanged between the environment Four sets of exposure parameters were created. Two sets,
and humans by inhalation, ingestion, and dermal contact. male and female, are based on parameters pooled statisti-
While relatively large human exposure to atrazine occurs cally over an individual’s lifetime. The second two sets of
for a small number of people from occupational activities, parameters are pooled over the first 14 years of a child’s life
such as herbicide production or application [16], these occu- by gender. We used 14 years because this is the average
pational exposure pathways are not being considered in thisexposure duration estimated in the United States [18]. The
paper. We instead focus on the residential population that ispooling equations used for combining age dependent values
exposed to agrochemicals through everyday activities bring- to create a uniform group are [19]:

ing them in contact with contaminated environmental media y _ 5,4+ py @)
as well as through food and drinking water. The level of
contact with each exposure medium changes with age. Thus ;2 _ 5,2 | 2 + 2abo?, ©)

exposure parameters averaged over a lifetime and averaged o o
over childhood are both used. The exposure in a residentialWheréa andb are the weighting factors for distributions
setting such as a family farm in lowa is considered. andv, respectively. _ _ _

The following exposure equation links the time averaged ~ Body weight plays an important role in the calculation of
dose to the exposure medium concentration and is used forc_hemlcal risk. The National Health and Nutrition Examina-
each exposure pathway in this analysis. The basic form of tion Survey (NHANES 1I) was conducted from February

the exposure equation is [17]: 1976 t_hrough February ;980 and collected information on
CR ED X EF the height and body weight of people across the country.
| =C X BW X T (1) Lognormal distributions have been used to represent all age

groups based on this data [20,21].

wherel is the intake of chemical via that exposure route  Body weight is needed because cancer slope factors are
(mg kgt day™), C the chemical concentration in exposure based on the chemical concentration per unit body weight.

medium (kg kg™), CRthe contact rate (mg day), BWthe There are two ways to calculate the chemical concentration

body weight (kg) ED the exposure duration (yearg}- the per unit body weight in a risk calculation. One can calculate
exposure frequency (days per year), &illthe averaging  all of the intakes and then divide by the appropriate body
time (days). weight. Alternatively, one can calculate all the intakes on a

Eq. (1) is modified for each specific exposure scenario to per body weight basis. The second type of calculation
include the necessary parameters for the pathway beingallows for correlation between the intake parameter and
considered. In this assessment, the CalTOX model is usedthe body weight. This limits unrealistic cases that consider,
to determine the amount of human uptake through eachfor example, the lightest person having the highest food
exposure pathway. By separating the input values into intake.
lifetime and childhood categories, one can evaluate the Skin surface area is highly correlated to body weight. The
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Table 3
Intake parameter values for males
Parameter (units) Male 0—14, mean Coefficient of Male lifetime Coefficient of References
variation mean variation
Body weight (kg) 2.64x 10" 0.22 6.72x 10 0.18 [20]
[21]
Surface area (fkg™) 4.54x 107% 0.18 3.26x 107% 0.14 [21]
Active breathing rate (fhkg™*h™) 2.15% 107% 0.46 1.05x 1072 0.27 [30]
Resting breathing rate (hkg~*h™?) 9.37x 107% 0.52 5.75x 10°% 8.61 [30]
Fluid intake (I kg * day™) 3.37X 107% 0.64 2.19x 107% 0.60 [25]
Fruit and vegetable intake (kg kgday™)  8.23x 107% 0.54 4.20x 107% 0.25 [23]
Grain intake (kg kg* day™?) 7.60%x 107% 0.49 3.02x 107% 0.30 [23]
Milk intake (kg kg™* day™?) 1.93x 107% 0.48 5.22x 107% 0.46 [23]
Meat intake (kg kg * day™?) 4.89x 107% 0.57 3.12x 107% 0.22 [23]
Egg intake (kg kg* day ™) 7.17%x 107% 0.12 4.90x 107* 0.47 [23]
Fish intake (kg kg * day ™) 3.87x 107 2.52 2.84x 107 0.89 [23]
Soil ingestion (kg kg* day™?) 1.87x 107% 2.75 5.03x 107" 2.15 [26,27]
Soil adherence to skin (mg cf) 6.27x 107™ 1.86 5.17x 107 1.35 [29]

ratio between surface area to body weight has been found to Metabolically based breathing rates are based on food

fit different normal and lognormal distributions depending intake and the number of resting versus active hours, fol-

on age, but not gender [21]. lowing the procedure of Layton [30]. The ratio of metabo-
Food and water consumption rates are based on thelism between resting and active hours is then used to

1977-78 US Department of Agriculture [22] study entitled determine two breathing rates [30].

‘Nationwide Food Consumption Survey'. Food intake rates  The resulting distributions employed in this paper for the

for each age group were compiled and then correlated toabove parameters can be found in Tables 3, 4 and 5.

body weight to the two-thirds power for this paper [23]. This

correlation is only an approximation; however, it has been 3.4. Dose response

used by other researchers (for example, Ref. [24]). Data on

tap water intake per unit body weight for different age  The risks of atrazine to the exposed population include

groups has been compiled directly [25], eliminating any acute and chronic adverse health conditions, as well as an

need for a correlation factor. increased risk of cancer. Many epidemiological studies and
Several studies have been conducted to characterize soiknimal experiments have been performed which attempt to

ingestion by children, the most well known being that of establish the relationship between the amount of atrazine

Calabrese et al. [26]. Lognormal distributions were used to administered to a subject and the probability of the occur-

fit the data for a child’s intake and for a lifetime intake of rence of either a tumor or cancer at that dose. Low-dose

soil [27,28]. A comprehensive review of studies on soil- human cancer potency is extrapolated solely from high

skin adherence for different age groups was compiled by dose experimental data to project the risk associated with

Finley et al. [29] and is used here. a unit of exposure [31]. It is important to note that all three
Table 4
Intake parameter values for females
Parameter (units) Female 0-14, Coefficient of Female lifetime Coefficient of References
mean variation mean variation
Body weight (kg) 2.63x 10" 0.23 5.70x 10*% 0.24 [20]
[21]
Surface area (fkg — 1) 4.54% 107% 0.18 3.26x 107% 0.15 [21]
Active breathing rate (fhkg — 1 h) 2.04x 107% 0.46 8.96x 107% 0.33 [30]
Resting breathing rate (hkg=*h™?) 8.88x 107% 0.51 5.38x 107 0.30 [30]
Fluid intake (I kg ! day™?) 3.29x 1072 0.69 2.31x 107% 0.60 [25]
Fruit and vegetable intake (kg kgday™?)  8.23x 107 0.54 4.20x 107% 0.25 [23]
Grain intake (kg kg* day™) 7.60%x 107% 0.49 3.02x 107% 0.30 [23]
Milk intake (kg kg™ * day™?) 1.78 X 107% 0.53 4.88x 107 0.54 [23]
Meat intake (kg kg® day™?) 4.44% 107% 0.64 2.55x 107% 0.29 [23]
Egg intake (kg kg * day™?) 6.36x 107 1.43 3.84x 107 0.66 [23]
Fish intake (kg kg* day™) 3.58%x 107% 2.73 2.95x 10”* 0.93 [23]
Soil ingestion (kg kg * day™?) 1.87x 107% 2.75 5.03x 107" 2.15 [26,27]

Soil adherence to skin (mg ¢t 6.27x 107% 1.86 5.17x 107 1.35 [29]
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Table 5
Other representative exposure parameters
Parameter (units) Mean value Coefficient of References
variation
Inhalation by cattle (fiday?) 122 0.3 [15]
Inhalation by hens (rhday™?) 2.2 0.3 [15]
Ingestion of pasture, dairy cattle (kg[FM] da}) 85 0.2 [15]
Ingestion of pasture, beef cattle (kg[FM] day 60 0.4 [15]
Ingestion of pasture by hens (kg[FM] da¥) 0.12 0.04 [37]
Ingestion of water by dairy cattle (I day) 35 0.2 [37]
Ingestion of water by beef cattle (I da}) 35 0.2 [37]
Ingestion of water by hens (I day) 0.084 0.1 [37]
Ingestion of soil by cattle (kg day) 0.4 0.7 [15]
Ingestion of soil by hens (kg day) 0.000013 1 [44]
Fraction of water needs from ground water 0.8 0.1 [47]
Fraction of water needs from surface water 0.2 0.1 [47]
Fraction of irrigation water
contaminants transferred to soil 0.25 1 [9]
Fraction fruits and vegetables that
are exposed produce 0.47 0.1 [23]
Fraction of fruits and vegetables local 0.24 0.7 [17]
Fraction of grains local 0.8 0.7 [17]
Fraction of milk local 0.4 0.7 [17]
Fraction of meat local 0.44 0.5 [17]
Fraction of eggs local 04 0.7 [24]
Fraction of fish local 0.7 0.3 [17]
Plant— air particle partition factor,
m® kg~ [FM] 3300 1.8 [15]
Rainsplash
(mg kg~ [plant FM])/mg kg [soil]) 0.0034 1 [38]
Water use in the shower (I mit) 8 0.4 [40]
Water use in the House (I 40 0.4 [47]
Bathroom ventilation rate (fmin~?) 1 0.4 [43]
Room ventilation rate, house fh™) 750 0.3 [43]
Exposure time, shower or bath (h ddy 0.27 0.6 [40]
Exposure time, active indoors (h da} 8 0.14 [17]
Exposure time, outdoors at home (h day 0.3 0.14 [17]
Exposure time, indoors resting (h day 8 0.04 [17]
Indoor dust load (kg m°®) 3% 0.4 [45]
Exposure frequency to soil on skin (days per year) 137 0.6 [46]
Ratio of indoor gas concentration to soil gas concentration 0.0001 2 [42]
Exposure time swimming (h day) 0.5 0.5 [46]
Exposure frequency, swimming (days per year) 15 4 [46]
Water ingestion while swimming (I kg' h™? 0.0007 1 [18]
Exposure duration (years) 14 1.15 [17]
Averaging time (days) 25550 0.1

degradation products, deethyl-atrazine, deisopropyl- animals and inadequate, or lack of, human data. In the
atrazine, and hydroxyatrazine, are at least of equal toxicity 1993 annual update of the Health Effects Assessment
to atrazine itself, according to the manufacturer Ciba-Geigy Summary Tables (HEAST), the slope factor and unit risk
[8]. value for carcinogenicity based on lifetime oral exposure
The added cancer risk to an individual is determined are 6.3x 10°®g~*land 2.22x 10~ mg~ kg day, respec-
through the relationship of the dose and the cancer potencytively [32]. The CPF values estimated from human or
factor. Based upon animal experiments, a cancer potencyanimal date are inherently uncertain [33]. A summary of
factor (CPF) is estimated for human health risk assessmentsrelevant biological and toxicological data for atrazine is
Carcinogenic potency refers to the quantitative expressionshown in Table 6, with the CPF distribution in Table 7.
of increased tumor generation per unit dose rate at very low
dose levels. 3.5. Uncertainty and variability
The USEPA [32] has assigned atrazine a Group-C classi-
fication which designates the herbicide as a possible human Estimates of parameter values can rarely be characterized
carcinogen due to limited evidence of carcinogenicity in accurately by a single value. In this paper, a probability
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Table 6
Data values for toxicological parameters
Type Numerical values Units/organisms Reference
Cancer potency factor for lifetime oral exposure, CPF %.307° (ug/) % the slope factor [32]
2.22x 107! (mg kg~ day™ % unit risk value [32]
Acute oral LD, (lethal dose) 1869 mg Kd; rats [39]
3080 mg kg %; rats [48]
1750 mg kg *; mice [48]
Acute dermal LI, 7500 mg kg % rabbits [13]
96 h LCs fish 8.8 mg I'%; rainbow trout mg T* [41]
(lethal conc.) 16 blue gill sunfish [41]
76 carp [41]
7.6 catfish [41]
16 perch [41]
4.3 guppies [41]
0.22-100 mg 1%; for fish species [13]
4.5 Rainbow troutSalmo gairdneri [13]
4.3 guppy,Lebistes reticulata [13]
LCso for 5-7 day exposures 700-19650 mg per body weight; birds [13]
Lethal dose for ingestion 2 doses of 250 mg kgvithin 24 h by cattle [13]
Chronic oral intakes failed to 100 mg k4 (for 21 days) [13]
induce significant adverse effects in cattle 760 mg k(for 4 weeks) [13]

distribution is assigned to each uncertain or variable para- Another set of values is then selected for the uncertain para-
meter with a shape and range based on measured values fameters and we run another Monte Carlo simulation using
that parameter. Often, environmental health risk analysis ismany sets of variable parameters. This process is then
based on a hypothetical, most sensitive individual using a repeated for all the sets of uncertain parameters, hence the
set of health conservative (i.e. high-end exposure) assump-name nested Monte Carlo simulation. Resulting values are
tions. Probabilistic distributions for the parameters yield a then sorted along the two axes, uncertainty and variability,
more informative estimate for risk than a point value for a with risk plotted on the third axis. From this, the risk for a
maximally exposed individual does [34]. Exposure expres- particular percentile value on each axis can be determined.
sions for multimedia pathways need to account for the varia- For example, the distribution representing uncertainty in the
bility of individual exposure. Such variability includes risk to the 95th most sensitive person is obtained from the
population movement, individual lifestyles (housing, food 95th percentile values associated with each set of uncertain
and water supply), and the temporal and spatial character ofparameters. This can be seen more clearly in Figs 1 and 2.
the source. Separate distributions of variable parameters can
be used for each subset of the population.

In order to determine the risk to a particular individual, 4. Quantitative results
uncertainty and variability must be accounted for separately
[7]. We complete a joint uncertainty and variability (JUV) The exposure and risk to individuals living in the mid-
analysis using a nested Monte Carlo simulation to consider western United States were determined as probability dis-
uncertainty and variability separately. This method provides tributions. This was accomplished using Monte Carlo simu-
a three-dimensional representation with uncertainty and lations to determine the combined effects of parameter
variability on two axes and risk on the third. To perform uncertainties on the distribution of outcome values. Model
the nested Monte Carlo analysis, a set of values for the inputs are randomly selected using a Latin Hypercube selec-
uncertain parameters are randomly selected from their dis-tion process within the Crystal Ball software tool [35]).
tributions. A Monte Carlo simulation is then performed on Each set of parameters is used by the CalTOX spreadsheet
the variable parameters by choosing many sets of values forto calculate a resulting outcome. The outcomes are then
the variable parameters and determining the distribution of presented as distributions along with the mean value, stan-
risk associated with that set of uncertain parameters. dard deviation, and 90th percentile value.

Table 7
Mean and standard deviation of the cancer potency factor

Parameter (units) Distribution shape Statistical variables

Cancer potency factor (kg day mb normal truncated for< 0 0.222 (mean)

0.022 (standard deviation)
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Monte Carlo simulations for atrazine was prepared for Fig. 2. Cumulative probability with respect to uncertainty for the median,
each set of calculations. These functions were used to com-77th, and 95th percentile values with respect to variability.
pare the exposure and risk predicted for childhood and for a
lifetime average (including childhood and adult exposure). two at this percentile and is on the same order of magnitude
The exposure and risk to males and females were within 5% as other uncertainties in the analysis. The relative difference
of each other and thus we have chosen to display the resultsn exposure between lifetime average parameters and chil-
of the calculations for just males to demonstrate the types ofdren is greater than the relative difference in risk because
results and conclusions that can be drawn. There werethe uncertainty introduced by the cancer potency factor is
smaller differences in exposure between males and femalesiot included in the exposure calculation. Introducing this
than for adults and children. Males were more exposed large uncertainty reduces the difference between the two
through inhalation and ingestion of meat than females, curves relative to the overall spread of the distributions.
while females were more exposed through the ingestion of Results based on the exposure and risk averaged over a
tap water, fish, and unexposed produce than males. lifetime are presented in Table 8 while those for childhood
The cumulative probability functions for males are exposure are presented in Table 9. A distribution is pre-
plotted versus the average daily dose and risk in Figs 3 sented for each exposure pathway. From this information,
and 4. The labeled values are for the 90th percentile. Theit is apparent that multiple pathways need to be considered
exposure dose and risk for each group differ by a factor of when evaluating the dose from this exposure scenario. The

Table 8
Average lifetime dose for males by exposure pathway and environmental media
Male lifetime calculation Mean Standard Deviation 90th Percentile
(mg kg™ day™) (mg kg™ day™) (mg kg™ " day™)
Inhalation dose 1.5 107" 3.6 x 107 2.6 x 107
Ingestion doses
Tap water 6.8< 10°% 8.2x 107 1.4x 107%
Exposed produce 18107 1.67x 107% 3.7x 107
Unexposed produce 19107 2.3Xx 107% 43x 107
Meat 1.4x 1077 1.7x 107" 2.9x% 107
Milk 7.9 x10°% 1.1x 107" 1.8x 107"
Eggs 1.5x 107 22x 107 33x 107
Fish 7.9x 10°% 1.1x 107% 1.9x 107%
Soil 2.0% 107% 4.4 107% 4.4%x 107
Total 52X 10°% 4.0x 107 1.0x 107
Dermal dose 1.4 107 3.7x 107 2.7x 107%
Total dose 6.6x 107 5.8 X 107 1.3x107%
Dose from air 8.6x 107% 8.0x 107 1.8x 107
Dose from surface soil 1.x 107% 3.8x 107 35x 107
Dose from root zone soil 2.8 107 2.3x 107 45x 107%
Dose from ground water 5% 10°% 9.7Xx 107 1.3x 107%
Dose from surface water 14 107% 1.5%x 107% 2.9x%x 107%
Increased risk Increased risk Increased risk

Lifetime cancer risk 2.3 107% 35x 107% 5.4x 107%
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Fig. 3. Cumulative percentage of the distribution of exposure for both childhood and lifetime exposure calculations to atrazine for males.
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Fig. 4. Cumulative percentage of the distribution of risk for both childhood and lifetime exposure calculations of atrazine for males.
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Fig. 5. Percentage of exposure from significant exposure pathways and environmental media, based on point value lifetime exposure parameters.
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Table 9
Childhood dose for males by exposure pathway and environmental media
Averaged 0—14 years Mean Standard deviation 90th percentile
calculation (mg kg* day™) (mg kg™ * day™) (mg kg™t day™)
Inhalation dose 2.% 107" 2.3%x 107" 57x 107"
Ingestion doses
Tap water 1.1x 107% 15x 107 2.2x 107
Exposed produce 43 107 44x107% 9.2x 107
Unexposed produce 38107 5.3x 107 9.0x 107
Meat 2.2x 107" 3.0x 107" 4.9x 107
Milk 3.0 x 107 40x 1077 6.8 107"
Eggs 2.1x 107 5.6 x 10720 46x 107
Fish 1.2x 107 4.4%x107% 2.4x 107
Soil 7.3x 107% 1.9%x 107% 1.7x107%
Total 1.0x 107 9.6 x 107 2.2x 107%
Dermal dose 1.% 107 42X 107% 3.8x 107
Total dose 1.2< 107 1.1x 107™% 24x 107
Dose from air 2.1x 107% 21X 107 44X 107%
Dose from surface soil 3.6 107 5.0% 10™* 6.8%x 107
Dose from root zone soil 4.2 107 5.3x 107% 9.5x 107
Dose from ground water 8.9 107 1.8x 107 2.1x 107
Dose from surface water 2.2 107% 4.7x 107 4.0x 107
Increased risk Increased risk Increased risk
Lifetime cancer risk 4.6<10°% 7.1%x10°% 1.1x107%

dose from vegetation (i.e. exposed and unexposed produce)environment is involved with fate and transport in the
dermal exposure, fish, and tap water are all important path-environment while the exposure produce concentrations
ways. It is interesting to note the large standard deviation of are determined from soil concentrations.
the dermal dose. Fig. 5 presents a graphical representation of significant
Tables 8 and 9 also list what portion of the dose results contributions to exposure from various environmental
from each environmental medium. The largest doses resultmedia and exposure pathways based on the point values
from surface soil, root zone soil, and surface water, respec-of each distribution for lifetime averaged exposure para-
tively. The soil compartments are critical because vegeta- meters. Fifty percent of the exposure comes from produce,
tion, a major exposure pathway, is contaminated primarily 11% comes from water intake and 23% through the dermal
through the soil. The plant compartment in the multimedia pathway. These numbers support the need for multiple
pathway exposure assessment for atrazine. In terms of
Table 10 various environmental media; surface water contributes
Ratio of dose between childhood and lifetime calculations by exposure 17% of the exposure, root zone soil contributes 51% and
pathway and environmental medium for the mean and 90th percentile of ¢\ ;face soil contributes 22%. The large percentage of expo-

exposure sure resulting from surface water indicates the importance
Childhood/lifetime Mean 9oth percentile  of a multimedia transport model to quantify both fate and
Inhalation dose 1.92 2.17 risk for atrazine. ) .
Ingestion doses The dose and risk to children was calculated and can be
Tap water 1.55 153 compared to a lifetime average exposure and risk. The cal-
Exposed produce 2.40 2.49 culated dose and risk values are presented in Table 9. The
U”“‘ZZZ?Sed produce L é‘é’g L 2'912 difference in exposure between adults and children for each
Milk 371 377 exposure pathyvay was quantified. The rgtp between the
Eggs 1.42 1.41 exposure to children and exposure over a lifetime was deter-
Fish 1.47 1.29 mined at the mean value of each distribution. This ratio
Soil 3.73 3.75 varied from pathway to pathway as shown in Table 10,
Total 2.00 210 and was greatest for soil, milk, and produce. Although this
Dermal dose 1.36 1.42 .. f ilk d il the higher d hil
Total dose 187 194 ratio is greatest for milk and soil, the higher doses to chil-
Dose from air 2.40 2.43 dren resulting from these pathways do not have much effect
Dose from surface soil 1.79 1.93 on the overall difference in dose, because these pathways
Dose from root zone soil ~ 2.04 2.13 contribute only a small percentage to the overall dose. The
Dose from ground water  1.60 1.61 increased exposure from the vegetable pathways contribu-
Dose from surface water 1.50 1.39 d signifi | h I diff .
Lifetime cancer risk 196 199 ted significantly to the overall difference in exposure

between the two groups.
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Fig. 6. This chart illustrates the correlation between the variance in the output risk from exposure to atrazine and the variance in 20 inpig frardraeter
calculation of the average lifetime exposure for males.

4.1. Sensitivity analysis averaged over a lifetime. The variable parameters were
defined as the inter-individual variable parameters while

A sensitivity analysis was used to evaluate which para- all other parameters were defined as the uncertain para-
meters have a significant effect on uncertainty. The sensi-meters. While there may be some parameters that could
tivity analysis was based on the parameter rank correlationbe argued as variable parameters used in the determination
between the output and the defining inputs [36]. In a rank of the exposure concentration, they were defined as uncer-
correlation, each input is converted to a rank value, and tain parameters for this case. A nested Monte Carlo simula-
the correlation coefficient is a measure of the strength of tion was then completed using 500 values for the uncertain
the linear relationship between each input parameter and theparameters generated from a Latin Hypercube simulation,
calculated output. The sensitivity analysis was based on theand 500 values for the variable parameters, also generated
exposure parameters averaged over a lifetime. from a Latin Hypercube simulation.

Fig. 6 illustrates the correlation between the variance in  The results can be seen in Fig. 7. The amount of uncer-
the output risk and the variance in 20 input parameters. tainty in the calculation can be judged by looking at the
Based on contribution to uncertainty, the most significant range of a single percentile of variability. The effect of
parameters in descending order are exposure durationthe variability can be determined by viewing the separation
source term, fraction of locally consumed produce, and between the line for the 50th percentile and 90th percentile
half-life in soil. The results seem reasonable when com- lines. The effect of the difference between lifetime exposure
pared with the predominant exposure pathway, vegetation,as compared to the childhood average exposure can be inter-
because the amount of locally consumed produce affects thepreted by viewing the difference between the values for any
exposure through this pathway, as does the reaction half-life percentile line.
in soil, by reducing the atrazine concentration in the soiland Because the distance between lines of variability and
thus in the vegetation. The results of this sensitivity analysis lines of uncertainty are approximately equal, it is apparent
indicates that the risk is sensitive to both uncertain and that the variance resulting from both uncertain and variable
variable parameters, indicating that they are equally well parameters are significant. For this well characterized con-
characterized. tamination scenario, accuracy in quantifying exposure can

be gained by considering children separately.
4.2. Joint uncertainty and variability analysis

Two joint uncertainty and variability calculations were 5. Summary and conclusions
completed for atrazine. Both calculations were based on a
14-year exposure duration, one using exposure parameters The herbicide atrazine is selected as the sample contaminant
averaged over childhood and the other using parametersfor the health and environmental risk assessment presented
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Fig. 7. Joint uncertainty and variability distribution for calculations of exposure made using parameters averaged over childhood and a lifetime.

in this paper because of its widespread use in the US. Montelarge influence on the exposure. Again, a distribution was
Carlo simulations are used to illustrate and account for the used for the parameter and thus the proper ratio was con-
effects of uncertainty and variability in fate, transport, expo- sidered in this range. Finally, occupational exposure was not
sure and risk. Uncertainties associated with the input para-considered. There would be more atrazine tracked into the
meters can involve the physical and chemical properties of home if one member of the household worked with atrazine
the contaminant, landscape characteristics, exposure parathan was accounted for by the pathway for outside soil being
meters, and biological dose response. The source of suchracked into the home.
uncertainties can be attributed to complexities in site charac- The health risk assessment of an agrochemical can deter-
terization, transport and fate modeling, exposure calculations,mine the hazards associated with human exposure to the
and extrapolation of toxicological and carcinogenic effects. substance in question. We have completed an analysis of
Uncertainty and variability are propagated through the the exposure and evaluated the uncertainties and variabilities
model by stochastic methods. The results of the Monte faced during the exposure assessment of atrazine with joint
Carlo simulations performed in this paper can be summar- uncertainty and variability analysis using nested Monte Carlo
ized as follows. The mean estimated added lifetime cancermethods. The research completed in preparation of this paper
risk is on the order of 17 with the standard deviation on  vyielded the following conclusions:
the same order of magnitude. The 90th percentile lifetime
cancer risk is less than 1) 1. Results of this study indicate that atrazine exposure
There are a number of exposure pathways that have a comes from a variety of sources and thus a multimedia,
significant contribution to the overall dose. Ingestion of multiple pathway exposure model is necessary to provide
produce, dermal uptake of surface soil, ingestion and dermal a complete picture of human exposure. As a result, a
uptake of surface waters are the largest contributors. The simple, multimedia model may be more appropriate
exposure to children is 1.6 times greater than the average than a complex model focusing primarily on a single
lifetime exposure at the 90th percentile. exposure pathway, possibly ignoring a large part of the
Possible weaknesses with this analysis include the lack of ~ exposure.
a mid-western site-specific exposure duration. As deter- 2. The application of Monte Carlo methods in the CalTOX
mined in the sensitivity analysis, this is an important para-  model enables the user to propagate uncertain parameter
meter. The exposure duration in a farming community  values found in the literature in order to develop a dis-
might exceed the national average, and thus would be tribution of the outcome risk. Sensitivity analysis indi-
only represented in the higher percentiles of the national cate that the exposure duration, source term, fraction of
distribution. It should also be noted that a large proportion  local produce, and reaction half-life in soil can affect
of the risk comes from surface water and the local percen- calculation results more directly than other model
tage of surface water in tap and irrigation water could have a  parameters.
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3. The joint uncertainty and variability analysis indicates transport and uncertainty analysis. Reliability Engineering and
both true uncertainty and inter-individual variability [7] ggsfr:nlf'l?fegggrplr?eé&lnte rating uncertainty and interindividual
have a S|gn|f|cant effect on ngrall Va”ance' 'IThIS.CO'n- vargilability ‘ inp environmen?al r?sk assess)rlnent. Risk Anal,
firms the results of the sensitivity analysis which indi- 1987:7:427—435.
cates both types of parameters are important, and [8] Belluck DA, Benjamin SL, Dawson T. Groundwater contamination by
confirms the need to examine uncertainty and variability atrazine and its metabolites: risk assessment, policy, and legal impli-
in a disaggregated fashion. cations. 200th National Meeting of the American Chemical Society,

1991.
[9] McKone TE. CalTOX, a multimedia total-exposure model for
hazardous-wastes sites. UCRL-CR-111456. Livermore, CA: Lawrence

4. The predicted exposure based on parameters averaged
over a child’s life is 1.6 times greater than the corre-

sponding lifetime calculation. While this is not an over- Livermore National Laboratory, 1993.
whelming difference when compared to other sources of [10] McKone TE. The reliability of a three-compartment fugacity model
uncertainty, it is significant, indicating that, for this expo- for estimating the long-term inventory and flux of contaminants in

T . . soils. Reliab Eng Systems Safety, 1996;54:165—-181.
sure scenario, it is important to consider children as a [11] Maddalena RL, McKone TE, Layton DW. Hsieh DPH Comparison of

S?parate subgroup of the popglation. _ multi-media transport and transformation models: regional fugacity
5. Since large amounts of atrazine have been used in the  model vs CalTOX. Chemosphere, 1995;30:869—889.
United States, the resulting public health risk cannot be [12] Cowan CE, Mackay D, Feijtel TCJ, van de Meent D, Di Guardo A,
ignored even though evidence has not conclusively Davies J, Mackay N. The multimedia fate model: a vital tool for
: ' . predicting the fate of chemicals. Pensecola, FL: SETAC Press, 1996.
linked atrazine exposu_re t.O adverse_ healt_h effects. Such[13] Trotter DM, Baril A, Wong MP, Kent RA. Canadian water quality
as cancer. When atrazine is present in agricultural f|e|d§, guidelines for atrazine. Ottawa, Ontario: Inland Waters Directorate,
ground, or surface water, humans can be exposed via  1990.
contact with, or ingestion of, contaminated water, soil, [14] Huper W. E(_:otoxicological relevance of atrazine in aquatic systems.
livestock, or food crops. The potential for exposure ,'\EA”‘QFO” TTOI;"CS' Ch?;g’ T_'993312:1865‘185:1- emicals throuch food
resulting from higher concentrations in air, water, and [1°) McKone TE, Ryan PB. Human exposure to chemicals through foo

. . ) . . chains: an uncertainty analysis. Environ Sci Technol, 1989;23:1154—
soil are especially prevalent during spring, the period 1163,

of heaviest use. [16] Howard PH. Handbook of environmental fate and exposure data for

. . . organic chemicals, vol. Ill. Chelsea, MI: Lewis Publishers, 1991:31-41.
The quality of available parametric data and the nature of [17] US Environmental Protection Agency. Exposure factor handbook,

the uncertainties associated with each parameter must be  USEPA Rep. 6008-89/043. Washington, DC: US Gov. Print. Office,

examined carefully so risk managers can properly judge 1989.

the significance of the calculated risk. Improvement of para- [18] US Environmental Protection Agency. Risk_assessment guidance for
metric values can yield more confidence in risk estimates, superfund. Volume I: human health evaluation manual, USEPA Rep.

L. . ' 5401-89/002. Washington, DC: U.S. Gov. Print. Office, 1989.
and hence, decisions made based on these estimates. D'~°[19] Howell DC. Statistical methods for psychology. Boston, MA:

aggregating uncertainty and variability for both children and Duxbury Press, 1987:130-135.
adults allows decision makers to evaluate sources of uncer-[20] Burmaster DE, Crouch EAC. Lognormal distributions for body weight
tainty versus inter-individual variability, and to evaluate as a function of age for males and females in the United States. Risk

. . Anal. 1997;17:499-505.
children as a separate SUbgrOUp' It is recommended that[21] Finley BL, Proctor D, Scott P, Harrington N, Paustenbach D, Price P.

any propo'sed' r.EformS to US peStiC@de laws Shomd refl'ect Recommended distributions for exposure factors frequently used in
current scientific knowledge regarding techniques of risk health risk assessment. Risk Anal, 1994;14:533-553.
analysis when determining the tradeoffs between agro- [22] US Department of Agriculture (USDA). Nutrient intakes: individuals

chemical impacts on public health and the advantages of N the United States, Year 1977-1978. NFC 1977-1978, Human
agrochemicals. Nutrition Information Service Report No. 1-2. Washington, DC:
USDA, 1984.
[23] Yang Y, Nelson CB. An estimation of daily food usage factors for
assessing radionuclide intakes in the US population. Health Phys,
1986;50:245-257.
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